Major axis approach to the statistical analysis of the relative growth of Chinese mitten crab (Eriocheir sinensis) in the Odra estuary (Poland) 
INTRODUCTION
The fauna of many countries includes a number of alien species that due to natural migration or uncontrolled human activities has colonised new areas. The intensive ocean travel between Europe and the Far East during the 20th century resulted in numerous, frequently inadvertent introductions of animal species to Europe (Leppäkoski et al. 2002) . The Chinese mitten crab (Eriocheir sinensis) is an example of invasive species, known to have negative impact on local fisheries (Veldhuizen, Stanish 1999) , river banks (Rudnick et al. 2000) , and native fauna (Clark et al. 1998) .
In Poland, Eriocheir sinensis was observed by fishermen as a by-catch in the Southern Baltic since at least 1928 (Grabda 1973) . It was first recorded in the Szczecin Lagoon (also known under the German name of Oderhaff), a component of the River Odra/Oder estuary. In Poland this species is most numerous in the Szczecin Lagoon and in Lake Dąbie (North-Western Poland) as by-catch, where its number in some periods of the year reaches up to 20 specimens per day (Czerniejewski et al. 2003) . Most of the exotic species are caught between early spring and late autumn, with the peak from September through October (Czerniejewski, Wawrzyniak 2006) . The uncontrollably increasing population of the Chinese mitten crab, especially in North-Western Poland, may threaten the endemic species of fauna and flora (Czerniejewski et. al 2010) , which can further influence the optimal management of fisheries.
Crustaceans are particularly suited for studies on relative growth due to their hard exoskeleton that facilitates precise body measuring. Also, the growth rates of males and females often differ (Hartnoll 1978) . There are no publications that address the relative growth of the Chinese mitten crab.
The present study describes the relative growth of Eriocheir sinensis, analyzes the biometric relationships between the carapace length (CL), the maximum carapace width (CW), the maximum height (CH), the claw length (CHL1, the right claw; CHL2, the left claw), the width (CHW1 and CHW2 for the right and the left claw, respectively), and the height (CHH1 and CHH2 for the right and the left claw, respectively), and the crab weight (CrWe), the weight of carapace (CaWe), the weight of the right claw (WRC) and of the left claw (WLC).
MATERIALS AND METHODS
The study involved a total of 379 Chinese mitten crab individuals trapped as a by-catch in fyke nets between 15 September and 5 December 2001 and 2002 in Lake Dąbie (225 individuals) and in the Szczecin Lagoon (154 individuals). All crabs were adult. Because the Szczecin Lagoon and Lake Dąbie are connected with each other (see Czerniejewski et al. 2003) , we are confident that the populations from the two sites have the same features. However, this assumption was statistically tested with the significance level of s.l.=0.01. Because all p-values higher than the s.l. (see Table 1 ), for the following analyses, all crabs were pooled to form a single sample.
Live crabs were delivered to the laboratory and weighed to 0.1 g (wet weight), on the Axis B2000B (Axis Co., Poland) electronic scales. Sex was determined, based on the abdomen shape and the presence of gonopods (Schäferna 1935 ). Subsequently, each crab was placed in a double-wall plastic bag and frozen (-20°C) . The crabs were stored frozen until further analyses. For those, the crabs were thawed and their carapace length (CL), the maximum carapace width (CW), and the maximum height (CH) were measured. Measurements were also taken on each claw -the claw length (CHL1, the right claw; CHL2, the left claw), the width (CHW1 and CHW2 for the right and the left claw, respectively), and the height (CHH1 and CHH2 for the right and the left claw, respectively) were being recorded (see Czerniejewski et al. 2003) . The measurements were recorded, to 0.01 mm, with computer-interfaced Helios RS 232 electronic callipers (Helios, Poland). In addition to crab weight (CrWe), the weight of carapace (CaWe), the weight of the right claw (WRC) and of the left claw (WLC) were also recorded for all individuals.
Statistical methods
The relative growth of a body part with respect to an overall size measure χ may be expressed by using the Huxley equation:
where γ is a measure of interest of the body part considered.
When investigating the relative linear growth of crab body parts, we used the carapace width CW as an overall scalar measure of the size. So CW was assumed to be the independent variable in the Huxley equation (χ=CW), whereas the dependent variable was any other available linear measure of body parts (γ=CL, CH, CHL1, CHL2, CHW1, CHW2, CHH1 or CHH2). When the interest was in the weight of body parts (that is γ is one of CrWe, 
where Y = log(γ), X = log(χ) and a = log(α).
Parameters a and b in model (1) are called, respectively, "elevation" and "slope". Model (1) was fitted several times for different characters considered.
The main interest was in investigating if statistically significant differences between males and females were present and in establishing if the growth of body parts was isometric or allometric.
Model (1) was fitted to data by the Major Axis (MA) method, when variables had the same unit, and by the Standardised Major Axis (SMA) when variables had non-comparable units (e.g. when weight measures were related to CW 3 ). Note that parameters estimation and hypothesis testing for model (1) could be done by standard Linear Regression (LR) methods (Draper, Smith, 1998) . However the aim of LR is usually to predict values of the so called "response variable" Y for assigned values of the so called "predictor variable" X. In LR, the residual variation is assigned only to the response variable. When, as in our morphometric study, the involved variables play, at least in principle, an interchangeable role, the variable that is used as an overall size is arbitrarily selected and it is reasonable to think that the residual variation should be shared by both measurements, MA (or SMA) methods should be preferred to LR. Another signal indicating that S(MA) rather that LR should be used, is the potential presence of an error in both variable measures.
MA and SMA are also called the "model II regression" (Sokal, Rohlf 1995) , and SMA is also commonly known as the Reduced Major Axis (RMA) or Geometric Regression (Smith 2009 ).
In the remaining part of this section, (S)MA parameters estimation and hypothesis testing procedures are briefly described. For more details, interested readers may refer to Smith (2009) and the references therein contained.
Regarding parameters estimation, MA and SMA are, as LR, the least squares methods, that is the parameters are estimated by minimizing the residual sum of squares. The difference in these three methods of the bivariate line fitting are due to differences in the direction in which residuals are measured. In LR the direction is parallel to the Y axis, in MA the direction is perpendicular to the fitted line, and in SMA the direction is symmetric of the fitted line direction with respect to the Y axis. MA is equivalent to the First Principal Component (FPC) calculated from the covariance matrix and fitted through the centroid of the bivariate data. The SMA is equivalent to the FPC calculated using the correlation matrix, then rescaled to the original scale. The SMA is the MA calculated on standardised data, then rescaled to the original axis.
Another derivation of the SMA method finds the lines that minimize the sum of the product of deviations of Y and X values from their means, or, equivalently, the sum of the area of triangles formed by the deviation of data points from the fitted lines in the X and Y directions (Teisser 1948 , Smith 2009 ).
In the context of (S)MA line fitting, several statistical hypothesis tests may be carried out. The slope test is used to test if two S(MA) lines have the same slope parameter. First the common slope is estimated by maximum likelihood. Then, the Bartlett corrected likelihood ratio statistic is compared to the chi-square distribution as suggested in Flury (1984) . Flury (1984) developed the methods in the contest of PCA. Warton and Weber (2002) modified the method of Flury (1984) for bivariate SMA and demonstrated that the method is robust with respect to bivariate normality assumption.
The elevation test was used to test if two (S)MA lines have the same elevation parameter, assuming that they share a common slope. The Wald statistic was used (Warton and Weber 2002) . Under the null hypothesis of equal elevations, the Wald statistic has a chi-square distribution with one degree of freedom.
To verify if the relationship considered in model (1) may be isometric, the null hypothesis H0: b=1 is tested against the alternative Ha: b≠1. The test statistic is the sample correlation between residuals and fitted values, that is between Y+X and Y-X. The null hypothesis says that these variables are uncorrelated. This approach leads to the well-known exact Fisher test of linear regression (Draper, Smith 1998) .
RESULTS
A total of 379 individuals of Eriocheir sinensis were captured. CW of Chinese mitten crabs ranged from 46.68 to 85.98 mm (the mean = 68.40), for males from 49.77 to 85.98 mm (the mean = 69.28), and for females from 46.68 to 80.44 mm (the mean = 67.44). Individual weight of crabs ranged from 47.1 to 315.5 g (the mean = 152.23), for males from 58.5 to 315.5 g (the mean = 165.43), and for females from 47.1 to 229.3 g (the mean = 137.80).
Linear measures of size versus carapace width
For the analyses described in this section, model (1) was considered with: γ = CL, CH, CHL1, CHL2, CHW1, CHW2, CHH1 or CHH2, and χ = CW.
The estimation and testing procedures were MA. Slope and elevation tests were performed to verify if male individuals from Lake Dąbie (LD) and the Szczecin Lagoon (SL) could be correctly pooled into one single group. The same tests were performed for female individuals. All males and all females presented the same features, and the significance level was set to be s.l.=0.01. All test statistics and pvalues obtained are presented in Table 1 .
For example, referring to the first row of Table 1 ) were higher than the referential s.l.=0.01. In all subsequent analyses, all male individuals were considered as one single group. The same holds for female individuals. Model (1) for γ and χ as specified before was fitted to males data and to females data. Slope and elevation tests were performed to detect any statistically significant differences between males and females. The significance levels were assumed to be s.l.=0.05. All the obtained results are summarized in Table 2 .
For example, referring to the first row of Table 2 , we fitted the models log( ) = + log( ) log( ) = + log( ) Table 3 . For example for males, the relationship between CL and CW was isometric, as well as the relationship between CH and CW. For all other linear measures, the relationship with CW was positively allometric.
For females, only the linear growth of CL was isometric with respect to CW. For all other linear measures the relationship with CW was positively allometric. In Figure 1 the scatterplots of log(CL), log(CW), log(CHL1) and log(CHL2) versus log(CW) are presented with the estimated MA.
In Figure 2 , the scatterplots of log(CHW1), log(CHW2), log(CHH1) and log(CHH2) versus log(CW) are presented with the estimated MA. Red and blue colors are, respectively, for females and males.
Weight measures versus carapace width to the third power For the analyses described in this section, model (1) was considered with: γ = CrWe, CaWe, WRC or WLC and =
3
The estimation and testing procedures were SMA. Slope and elevation tests were performed to verify if all males and females individuals could be treated as single groups. The significance level was s.l.=0.01. All results are presented in Table 4 . Note that all pvalues are higher than the referential s.l. Model (1) for γ and χ as before was fitted to data for males and to data for females. Results for males and females were compared by means of slope and elevation tests. The significance levels for these tests were assumed to be s.l.=0.05 (Table 5 ). For example, referring to the first row in Table 5 , we deduced that the following fitted models hold for males and females respectively: log( ) = −8.153 + 1.040 log( 3 ) log( ) = −7.835 + 1.008 log(
3 )
The likelihood ratio test statistic for the slope test assumed the value of 1.587, with the p-value of 0.208. That is the difference of slopes between males and females may not be considered statistically significant at the 5% level. The Wald test statistic for the elevation test was equal to 114.980, with the pvalue of 0.000. So the null hypothesis was rejected and we concluded that the elevation parameters for males data and females data are significantly different from a statistical point of view. The test results for γ = CaWe were similar. The slopes were significantly different for γ = WRC and WLC.
The isometry test was also performed to investigate if the increase of weight of the body part considered with respect to CW 3 should be considered significantly allometric from a statistical point of view. The null hypothesis was H0: b = 1. The results are summarized in Table 6. For males, the increase of CrWe, WRC and WLC with respect to CW 3 was significantly positively allometric. For CaWe it was significantly negatively allometric. For females, the increase of CrWe and CaWe with respect to CW 3 was significantly isometric and for WRC and WLC positively allometric. In Figure 3 the scatterplots of the log transformed weight measures considered versus log(CW 3 ) are presented with the estimated SMA. Red and blue colors are for females and males, respectively.
DISCUSSION
The mean and the range of CW and individual weight values are similar to that reported by Normant et al. (2000) for the crabs harvested in Lake Dąbie (mean carapace width: 71.4 mm; range: 53-88 mm) and for crabs caught in 1999 from the Odra estuary (mean carapace width: 64.4 mm; range: 41.1-98.4) (Czerniejewski et al. 2003 ). The range is slightly wider than that reported by Fladung (2000) for the population inhabiting the River Elbe in northern Germany (55-75 mm). Crabs caught in the Odra estuary are sexually mature; they were preparing for or were actually in the process of reproductive migration to the Baltic Sea and further to the actual spawning sites. However, although there is some information about biological and population parameters (Czerniejewski et al. 2003 , Czerniejewski, Wawrzyniak 2006 , Czerniejewski et al. 2010 , there is not any information about relative growth of Eriocheir sinensis. For some other species of Crustacea, the allometric equation (Huxley 1932 ) is the most extensively used method for analyzing the relative growth during ontogeny. The relationship between the log-size Y of a body part relative to the log-size X of another body part, usually the carapace width or length, has the form of Y = a + b X, where slope b is a measure of the difference in growth rates of two body parts. The relative growth in many of brachyurans (Hartnoll 1974 (Hartnoll , 1978 (Hartnoll , 1982 is characterized by these morphometric variables related to carapace isometry, which had the interval of 0.9<b<1.1 (Kuris et al. 1987; Pinheiro, Fransozo 1993) . However, the use of statistical tests invalidated the hypothesis of isometric growth for this biometric relationship in certain species (Finney, Abele 1981; Davidson, Marsden 1987) . For brachyurans in general, when two carapace dimensions are correlated (e.g., CW and CL), changes during ontogeny do not occur, because the growth tends to be isometric. This was frequently observed, for example for Portunus spinimanus (Santos et al. 1995) , Eriphia gonagra (Góes, Fransozo 1997) , Sesarma rectum (Mantelatto, Fransozo 1999) and Panopeus austrobesus (Negreiros-Fransozo, Fransozo 2003) . In the Chinese mitten crab the linear growth of CL was isometric with respect to CW. Furthermore, the difference between the slopes for males and females was not significant. The difference between the elevations for males and females was significant.
In some species of crabs, the relationship between the carapace width and height did not follow a well defined pattern. Costa and SoaresGomes (2008) noted that juveniles of both sexes and adult males presented negatively allometric growth, while adult females -isometric growth. Juveniles of U. rapax had a higher growth rate in length than in width. In females, the carapace started to show isometric growth between the length and the width after the puberal moult, and with the increase of gonadal volume. For an adult Chinese mitten crab, the relationship between CH and CW in males was isometric, but in females positively allometric. Furthermore, the difference between the slopes for males and females was significant.
The shape and the size of chelipeds are also important parameters in the life of crabs, since these structures are used for reproductive purposes, as well as in agonistic interactions and feeding. The morphology and biomechanics of chelae are of fundamental interest, given their importance for the ecology and evolution of the group (Bloch, Rebach 1998) . Several researchers have noted the importance of morphometry of chela dimensions to characterize the possible sexual dimorphism and maturation in crabs (Hartnoll 1982) . In many brachyurans, the cheliped is larger in males than in females after sexual maturity is attained, but it is considered to be a secondary sex character (Hartnoll 1974) . Jivoff (1997 a, b) studied the reproductive behavior of Callinectes sapidus, and showed that larger-sized males with large chelae had an advantage in partner selection. This assumes great importance for semi-terrestrial and terrestrial crabs, where visual and tactile stimuli are most important for couple formation (Hartnoll 1969) . In some species of crabs, the relationship between linear growth of the chela vs. CW was isometric or allometric. Hartnoll (1982) observed for male brachyurans that growth of the chela is positively allometric during the juvenile phase and increases slightly in size after the puberty molt, but the chela of females showed isometry growth in all the phases. In adult Chinese mitten crabs for all linear measurements of the chela, the relationship with CW was positively allometric for males and females. Furthermore, the differences between relative growth parameters for males and females were statistically significant. For CHL1, CHL2 and CHW2, the slopes were significantly different. For CHW1, CHH1 and CHH2, only the elevations were significantly different.
The relative increase of the weight of some body parts with respect to the cube of carapace width was also investigated. Significant differences in parameters of the SMA lines occurred between males and females of Chinese mitten crab. The relative increase of crab weight and carapace weight was isometric for females and positively allometric for males. The relative increase of the weight of the right and left claw was positively allometric for males and females.
The relative growth was helpful to establish the morphological maturity of this species. This information could be useful in future projects related to management of this Chinese mitten crab.
